In this work, we examined how photoluminescence in poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) is affected by morphology, dictated by the mode of preparation. For that, MEH-PPV dilute solutions in good and non-solvents, thick cast films with poly[methylmethacrylate] (PMMA) as inert matrix and spin-coated thin films were prepared. These systems were studied by steady-state and time-dependent fluorescence spectroscopy and electronic microscopy. Unexpected photoluminescent behavior was detected in solutions and films and it was related to different excitons modulated by MEH-PPV conformation. By semi empirical calculations we obtained the singlet and triplet state energies of an MEH-PPV model system and, from time-resolved fluorescence spectroscopy, the existence of short-lived excited states was revealed, enabling us to infer on possible singlet fission in MEH-PPV-based systems.
Introduction
Since poly(phenylene-vinylene) (PPV) derivatives were found to be electroluminescent, 1 the search for a systematic method to determine their applications has been of great interest. Their mechanical, morphological and optical properties have been widely discussed and findings related these properties to preparation methods. Although there are many aspects regarding the effects of preparation methods on optical response, authors seem to agree that preparation method influences molecular conformation, enabling or inhibiting aggregation and, consequently, affecting inter and intrachain interactions. Processing parameters are believed to modify the conformation and assembling mechanisms of polymeric materials, resulting in a memory effect of the structural information that is replicated from solutions to solid films. Therefore, to understand the role of chain conformation in solution is of major importance for applications such as device fabrication, since properties can be tuned, enhancing the desired characteristics and suppressing the undesired ones. 2, 3 For instance, it is well known that photoluminescence of PPV derivatives show prominent red-shift due to the enhancement of energy transfer as the π-electron delocalization increases. 4 As pointed out in an earlier work, 5 this red-shift indicates aggregation driven by π-π interactions as the conjugation length increases.
In polymeric systems, several occurrences are responsible for chain torsions that impose limits to the length of conjugated segments, affecting the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) energy gaps. They are interpreted as stabilization and/or destabilization of HOMO and LUMO levels. 6 These occurrences may be related to the presence of impurities, molecules of solvent that strongly interact with the polymer chains and a distribution of torsion angles promoted by molecular interactions of any nature. 6 In this situation, the densities of excited states (DOS) available for electronic changes are influenced by the distribution of segment lengths and are characteristic of determined systems, composed by a polymer and the solvent, which interacts with the polymeric chains, imposing torsions restrictions through its general and specific properties. 7 Also, electrostatic and π-stacking interactions are responsible for aggregation in conjugated polymers. In a competition between these interactions, intrachain and interchain aggregates are formed, each presenting a distinct density of states and, therefore, distinct allowed electronic transitions. Also, the surroundings influence the spectral region from which luminescence of conjugated polymers is observed. As stated by Köhler et al., 8 in some conjugated polymers, including PPV derivatives, this change in photoluminescence region is due to distinct electronic coupling between molecular units. Specifically in poly-(2-methoxy-5-(2'-ethylhexyl)oxy 1,4-phenylene vinylene) (MEH-PPV), there is a bimodal distribution of emission maxima. [9] [10] [11] Also, they assigned the two main observed emission regions to two chain conformations, referred by them as "blue phase" and "red phase". They showed that a transition may occur between phases, enabled by intrachain and interchain interactions, which results in more ordered structures. Emission of these structures would occur from the red phase, which is the lower energy state. If more disorder is added to the polymer, then, emission is observed from the blue phase, the higher energy state. Interestingly, Köhler and co-workers 12 found that the observed blue phase luminescence is related to a disorder that is a result of a variety of conjugation lengths determined by chain torsions. 12 In their studies, the correlated energetic disorder of the blue phase emission is due to conjugation lengths of 4.5-5.5 repeat units in absorption, determined by the geometry in the ground state, and 6.5-7.5 in emission, which is due to a spectral diffusion to lower energy emitting entities. 8 In this perspective, choosing between a good solvent and a bad solvent, distinct aggregates are formed, the disorder is affected and, thus, the photoluminescent behavior changes.
As stated by Spano and Silva, 13 there are two main types of aggregates in conjugated polymers, which can be either J-aggregates or H-aggregates, as defined by Kasha. 14 For them, J-aggregates are responsible for a red-shift in the absorption spectrum. They are formed by polymeric chains aggregation following a head-to-tail configuration, which enables a more efficient intrachain interaction. The H-aggregates are interchain aggregates with polymeric chains oriented side-by-side, resulting in a spectral blueshift. They also stated that, in solution, spectral broadening is due to variations in the conjugation length caused by distinct local polarization, since polymeric chains are differently solvated in distinct solvents. These interactions also influence the excited states stability, and they observed that the excited-state lifetime is enhanced in J-aggregates and shortened in H-aggregates. 13 In accordance with these findings, Köhler et al. 8 also affirm that these distinct conjugation lengths are, at some degree, a result of chain torsions that lead to disorder.
Although conformational issues are closely related to the photophysical behavior of PPV derivatives, some electronic and energetic aspects are also governing their luminescence efficiency.
Many are the theories that base a discussion on solvent selection for fluorescent moieties of MEH-PPV, relating its several singlet electronic excited states to effects involving energy migration even to triplet states. [15] [16] [17] [18] [19] [20] [21] Fluorescence lifetime measurements are useful, among other applications, to identify a single or multiple emitting species in a solid sample or in liquid solution. Bi-exponential decay curves usually indicate the occurrence of faster decays along with slower ones, which suggest the contribution of some non-radiative deactivation processes. Some works [22] [23] [24] relate bi or multi-exponential decays to interchain exciton formation in PPV derivatives, favored under high energy excitation conditions. It is expected that, at higher excitation densities (greater than 10 18 cm -3 , as proposed by Dogariu et al.) , 22 bimolecular decays result from distinct aggregates, which can be selectively excited. Their origin can be dipole-dipole interaction, excitation diffusion or quantum delocalization, since Förster energy transfer is not expected to be effective at such intermolecular distances. 22 Although MEH-PPV generates several types of aggregates, especially in the film form, it can also present isolated chain segments with distinct fluorescence, contributing to the total emission observed. In this regard, some aspects of polymeric systems preparation must be taken into account: aggregated chains are always present in bulk films and they have distinct effects on the luminescence; dilute solutions present to some extent, isolated chains, which are numerous in even more dilute solutions, and small amounts of isolated chains are found embedded in an inert matrix. An intermediate situation containing a mixture of undefined proportions of all the aforementioned species at distinct quantities is possible, and would be similar to the situation of having aggregates with a distribution of conjugation lengths in the system. 25 Theoretical calculations have been performed in many different systems to determine materials' properties such as geometry and electronic structure determinations, photoluminescent included, using a wide range of computational methods. Approximation hierarchies classify models into distinct complexity levels. The choice of the desired computational method directly affects the precision of results; nevertheless, this precision must be evaluated considering computational costs and the size of system in study. [26] [27] [28] [29] [30] [31] [32] [33] [34] In this contribution, we studied the photoluminescence of MEH-PPV in solution prepared in a variety of good and non-solvents, as well as thin films and solid solutions. Steady-state and time-resolved fluorescence spectroscopy were used to determine the total photoluminescence as a sum of contributions from several fluorescent moieties present in such systems. Fluorescence, confocal and transmission electronic microscopy were used to determine the micromorphology of these systems. Theoretical calculations of the optimal geometry of MEH-PPV in vacuum, in the presence of solvent molecules and continuum representation of the solvent reaction field, were performed by AM1 (Austin model 1) method. MEH-PPV singlet and triplet excited states energies were determined by ZINDO/S (Zerner's intermediate neglect of differential overlap) method. With these combined tools, distinct emitting species in MEH-PPV-based systems were distinguished, enabling us to infer about the dependence of the total optical response with the fluorescent moiety identity, and the role of sample preparation on its modulation.
Experimental

Sample preparation
Solution preparation
MEH-PPV of Mw (weight-average molecular weight) = 125 kDa, Mw/Mn (number-average molecular weight) = 5 purchased from Sigma-Aldrich was used as received. It was dissolved in acetic acid (AcOH), chloroform (CHCl 3 ), dichloromethane (DCM), tetra-hydro-furan (THF), acetonitrile (MeCN), methanol (MeOH) and ethanol (EtOH). All spectroscopic grade solvents were purchased from Tedia, exclusion to ChCl 3 , which was purchased from Sigma-Aldrich, and used to prepare polymeric solutions at 10 -4 mol L -1 concentration that was further diluted to 10 -6 -10 -8 mol L -1 concentration range, in terms of repeat units. Solutions prepared with non-solvents were sonicated for 30 min in a 40 °C bath. Non-dissolved polymer masses were separated, dried and weighted to accurately determine the final concentration of each solution. All solutions were purged with N 2(g) flow for 14 min for deoxygenate the samples, sealed and kept under refrigeration and protected from light. Figure 1 shows the chemical structure of MEH-PPV.
Cast films preparation
Polymeric blends of poly(methyl-methacrylate) (PMMA), 98% pure, Mw = 15 kDa, purchased from Sigma-Aldrich, and MEH-PPV were prepared by dissolution of the polymer matrix in the same solvent in which MEH-PPV solutions were prepared. The matrices were then doped with a volume of the previous MEH-PPV solutions to achieve a homogeneous mixture in the proportion of 0.03 to 0.1% m/m in distinct solvents. Each mixture was deposited over silanized glass dishes and placed in an oven with dynamic vacuum for 72 h at 40 °C to complete removal of solvents.
Spin-coating films preparation
200 µL of 10 -7 mol L -1 MEH-PPV solutions were spin-coated in quartz substrates by a SCS Spincoat G3 P-8 (Specialty Coating Systems). Each solution was deposited by a two-steps spinning process, comprising of a first step of spinning at 2000 rpm for 20 s, followed by a second step at 800 rpm for another 30 s. Uniform, transparent thin films were obtained as a result.
Photophysical characterization
UV-Vis absorption spectra
UV-Vis absorption spectra were recorded in a PerkinElmer Lambda 45 UV/VIS scan spectrophotometer, equipped with deuterium and tungsten-halogen lamps. Spectra were recorded in the range of 200 to 750 nm.
Steady-state fluorescence spectroscopy
Steady-state excitation and fluorescence spectra were recorded in a Fluorolog 3-221 Horiba Jobin Yvon spectrophotometer, with a 450 W Xe arc-lamp, connected to a double monochromator and a sample holder adapted for solid samples, in which films were placed at a 45° right-angle with respect to the incident radiation. Emission was detected at 90° by a Hamamatsu photomultiplier, operating at the range of 250 to 850 nm. Narrow slits were employed to guarantee resolution of 0.50 nm in measurements. All liquid samples were purged with N 2(g) flow for 14 min to promote deoxygenation prior to spectra measurements. 
Time-resolved emission spectroscopy (TRES)
TRES experiments were performed in a CD-920 time-correlated single photon counting (TCSPC) spectrophotometer from Edinburgh Instruments, operating with a picosecond pulsed LED (light emitting diode), model EPLED-360, with pulse width of 843.6 ps and bandwidth of 13 nm, emitting at 366.8 nm and with distinct, picosecond pulsed diode lasers, also from Edinburgh Instruments. Diode lasers used were models EPL 445, with pulse width of 65.9 ps, emitting at 444.0 nm, and EPL 485, emitting at 482.6 nm, with pulse width of 96.2 ps. They were used to register fluorescence lifetimes in a range of wavelengths from 385 to 615 nm, with some variations due to excitation wavelength change. Samples were submitted to dynamic vacuum and sealed in quartz cuvettes. They were placed in the sample holder to register the fluorescence lifetimes. Data of the sample signal over the instrumental response were deconvoluted and analyzed by the exponential series method. 35 Ludox® (Sigma-Aldrich) was used as scatterer. Experimental data correspond to expected theoretical values when χ 2 is close to 1.
Morphological characterization
Epifluorescence microscopy
Epifluorescence micrographs of MEH-PPV embedded in PMMA inert matrix, the PMMA/MEH-PPV blends, were recorded by a Leica Dm IRB inverted microscope, with an HBO 100 W lamp and excitation filters of 330-380 nm and 450-500 nm. Fluorescence images were recorded by an SDC-311 ND Samsung camera and analyzed by the Linksys v.2.38 software. Objectives of 2.5, 10, 20 and 50× were used to acquire images. Total zoom involved 10 fold increase from the digital camera. In order to visualize the PMMA matrix upon fluorescent excitation, it was doped with N,N'-bis(2-naphtalenyl)-N-N'-bis(phenylbenzidine) (ADS), adding 200 µL of 1 × 10 -5 mol L -1 of its solution in chloroform to the PMMA solution.
Transmission electronic microscopy (TEM)
High resolution transmission electronic microscopy (HRTEM) was performed in samples produced by depositing a small volume of polymer solutions in distinct solvents over a membrane sample holder of 3 mm of diameter, covered by a 3 nm carbon layer and dried at 40 °C for 48 h. Micrographs were recorded by a JEOL 2100 microscope equipped with energy dispersive spectroscopy (EDS), at an accelerating voltage of 200 kV.
Confocal fluorescence microscopy
Micrographs were obtained in a Leica SP5 microscope, using 488 nm as excitation wavelength. Images were obtained in xyz mode, with physical lengths of 310.0 µm for the x axis, 310.0 µm for the y axis and 0 µm for z axis, employing the objective N PLAN H 50.0 × 0.50 DRY. The smart gain was used to adjust the signal gain to 400 V and the laser line intensity was kept in a low range to protect the samples from bleaching. The emission bandwidth used was 504-682 nm.
Computational details
Calculations were performed using MEH-PPV trimer as model. Ground state geometry was optimized using the AM1 semi-empirical method and the results were characterized by vibrational frequencies. Hessian matrices were positive and well defined, confirming the obtained structures as energy minima. Implicit and explicit solvent effects were included in the optimization. Polarized continuum model (PCM) was used for implicit effects, 36 and explicit effects were obtained by adding four molecules of solvent around the MEH-PPV trimer to illustrate systems in ethanol and chloroform and two acetonitrile molecules to illustrate the system in acetonitrile. Single point calculations were performed in absorption studies by ZINDO/S semi-empirical method in the same conditions adopted for PCM implicit solvent model. For explicit solvent effects, it was performed in Gaussian 09 software. 37
Results
Photophysical behavior
UV-Vis absorption spectra
From the electronic absorption spectra and the extinction coefficient of MEH-PPV (3 × 10 4 mol -1 cm -1 ), 38 concentrations of the polymeric solutions were in the 3.2 × 10 -8 to 1.2 × 10 -4 mol L -1 range. When in dilute solution of good solvents such as Ch 3 Cl, DCM and THF, MEH-PPV UV-Vis spectra ( Figure 2 ) present a broad band centered at around 500 nm for most solvents. Nevertheless, when in non-solvents of larger dipole moment and dielectric constant, such as MeCN and EtOH, absorptions are blue-shifted and of low intensity. However, when in a protic solvent, such as AcOH, the polymer is poorly soluble, and a blue-shifted low intense absorption is detected, even though AcOH dielectric constant and dipole moment are similar to those of a good solvent, such as THF (Table 1) . 39 MEH-PPV is well dissolved by solvents of low dipole moment and dielectric constant, giving rise to intense absorption peaks at around 480-500 nm.
Steady-state fluorescence measurements
Solutions
In order to thoroughly investigate the photophysical behavior of MEH-PPV, considering the influence of environmental aspects, and describe the specific interactions between the polymer and solvent molecules, as well as interactions between polymer chains themselves, steady-state and time-resolved fluorescence spectroscopic investigations were performed. Figure 3 presents the steady-state excitation and fluorescence spectra obtained for MEH-PPV solutions in distinct solvents.
Excitation spectra of MEH-PPV dilute solutions (i.e., 10 -7 mol L -1 ) in good solvents, such as THF, CHCl 3 and DCM occur in similar regions, presenting their maximum at 496 nm, with a weaker peak at 330 nm, while their fluorescence spectra are very similar in shape, although few nanometers red-shifted from THF to CHCl 3 . In contrast, fluorescence and excitation spectra of solutions in non-solvents, such as AcOH and MeCN are similar to each other, but with a stronger blue-shift and low intensity, comparing to the spectra recorded for the latter solutions. They present the maximum excitation at 430 nm, with a shoulder at 360 nm and the maximum of fluorescence at around 460 nm. In EtOH, MEH-PPV excitation and fluorescence spectra are even more blue-shifted, presenting the maximum excitation at 360 nm, with a shoulder at 330 nm. Its maximum of fluorescence is at 430 nm.
Films and solid solutions
To better understand the discrepancies of MEH-PPV fluorescence when in solution and film, blends of PMMA/MEH-PPV 0.03 to 0.1% m/m and 2.52 ± 0.14 µm thickness and spin-coated 180 ± 28 nm thin pure MEH-PPV films were prepared from dilute solutions in three distinct solvents: ethanol, acetonitrile and chloroform. The inert matrix of PMMA was chosen to prepare these solid solutions in a good solvent and a non-solvent, in order to promote distinct aggregation and therefore enable the investigation of the photophysical behavior of the blends produced under distinct preparation conditions. They were determined by steady-state and time-resolved fluorescence measurements. Figure 4 presents the steady-state fluorescence spectra of thick PMMA/MEH-PPV blends and thin films of the same source solution. Fluorescence spectra of MEH-PPV films are blue-shifted with respect to the source dilute solutions, which is expected, 2,4,40,41 since distinct aggregates and non-aggregated chains are expected to be present in solution. Fluorescence spectra of thin films and blends originated from solutions of the same solvent show some spectral similarities. For instance, fluorescence spectra occur at the same spectral region and have similar shapes, i.e., fluorescence of thin film and blend prepared from ethanol solution is more blue-shifted, presenting its maximum at 390 nm and a low intense shoulder at 520 nm, whereas film and blend prepared from acetonitrile solution is still blue-shifted, with its maximum fluorescence at around 425 nm with a shoulder also in 520 nm, with very low intensity. Thin films present less intense spectra, which is expected due to their thickness, which prevent the identification of a second peak at 442 nm in the acetonitrilebased thin film, as evident in the spectrum of the blend. On the other hand, thin films originated from solutions in good solvents present some divergences in spectral shape with respect to the fluorescence spectra recorded for the correspondent blends, although they occur in similar spectral regions. For instance, blends produced from chloroform solutions presented fluorescence very similar in shape and in region of emission to that of the source solution (Figure 3b ), with a maximum at 580 nm and a shoulder of low relative intensity at 635 nm, whereas the thin film presented the maximum of fluorescence also at 580 nm, but with a high intense shoulder at 529 nm and the low intense shoulder at 635 nm, corroborating with earlier studies. 7, 42 The overall spectrum, however, is at the same region of emission of the blend and the source solution.
Morphological characterization TEM, epifluorescence and confocal microscopy Figure 5 presents epifluorescence, fluorescence confocal and electronic transmission micrographs of PMMA/MEH-PPV cast blends from chloroform and acetonitrile solutions, a good solvent and a non-solvent for MEH-PPV polymer, respectively. Images were obtained to better understand the distribution pattern of MEH-PPV into PMMA matrix and to infer about their miscibility. PMMA matrix was doped with a fluorescent dye, N,N'-bis(2-naphtalenyl)-N-N'-bis(phenylbenzidine). In Figure 5 , for any microscopy technique applied, smaller and better distributed MEH-PPV domains in PMMA matrix were observed in blends prepared from chloroform solution, in contrast with larger domains poorly distributed in blends produced from acetonitrile solution.
Time-dependent fluorescence measurements
Fluorescence lifetimes were recorded for thin films produced from solutions of distinct solvents at several emission wavelengths, in an excitation-dependent TRES experiment. Data were recorded at the emission range from 385 to 615 nm, corresponding to the total MEH-PPV fluorescence spectral region. Excitations were performed at 360, 445 and 485 nm, the latter corresponding to the usual excitation wavelength for MEH-PPV, and the shorter wavelengths were chosen upon the absorption spectra of MEH-PPV solutions in acetonitrile. Table 2 shows a selection of the most illustrative data, from which behavior and changes, if they exist, are presented. TRES decay curves and the time-resolved emission spectra are presented in Supplementary Information (see Figures S2 and S3 ). These data showed that, at any fluorescence wavelength, decay curves are better fitted by bi-exponential expressions. Tri-exponential fits were performed with no expressive changes on the resulting χ 2 . For a fact, MEH-PPV and several other organic electroluminescent polymers present a fluorescence decay behavior that cannot be fitted by simple expression because they are composed of several emitting moieties, formed due to environmental conditions that influence morphological alterations. These alterations often lead to aggregation and, therefore, to segments of distinct conjugation lengths, each segment presenting a distinct dynamic behavior. If a narrow excitation source is used, some segments of very short fluorescence lifetime can be well distinguished, for instance, in Kersting et al. work, 43 they found that there are several processes of deactivation occurring at the femtosecond timescale, which would only be assigned through a femtosencond laser as excitation source. Markov and Blom 44 found the MEH-PPV lifetimes as being tri-exponential decays, as well as to another PPV derivative, the poly[2-4-3J,7J-dimethyloctyloxyphenyl-co-2-methoxy-5J,7J-dimethyloctyloxy-1,4-phenylene vinylene] (NRS-PPV). In Yan et al. work, 45 they found the bi-exponential behavior as the more adequate fit for their data, as result of exciton diffusion and quenching defects. Nevertheless, when they performed the tail component subtraction from the data they found a multi-exponential behavior, with 5 to 6 lifetimes. They explained that behavior as being due to a slow exciton diffusion of long chain segments, occurring after the subpicosecond diffusion observed from shorter to longer segments, which occurs by Forster mechanism. In this work, we performed several data analyses, considering several models of interactions, to adopt those with physical meaning to our systems. The value of reduced χ 2 is used to provide information on the goodness-of-fit because it is related to random errors and if the standard deviations, which by Poisson statistics is the square root of the photon counts, its value is close to unity. Nevertheless, deviations due to random errors result in χ 2 values that occur with probabilities that can be determined and are found in tables of reduced χ 2 distribution. In TCSPC measurements, not always the best reduced χ 2 is obtained for the best fit to the data. The best way to determine which are the parameters that effectively is describing the data is to examine the χ 2 surfaces. For that, one parameter value must be changed from that where que χ 2 is a minimum and execute the least square fit once again, keeping this parameter constant in that value. This gives a new χ 2 that must be reduced to an acceptable value to characterize that parameter value as consistent with the data. This change is repeated until the χ 2 value exceeds the acceptable value, which is evaluated by F-test. The confidence interval is given by fixing the parameter χ 2 and comparing it to the minimum χ 2 value determined earlier. This results in a curve (χ 2 /χ 2 minimum) that shows a minimum, a parabolic curve. If it is narrow, it evidences that the parameter is determined with good precision. 46 For our data, although the reduced χ 2 values obtained by bi-exponential approach are not ideal, they are not improved when applying the tri-exponential expression. We obtained the reduced χ 2 surfaces for our data to test their validity and the goodness of the fit we preformed. Generally, the reduced χ 2 surfaces of χ 2 /minimum χ 2 versus lifetimes obtained for bi-exponential were parabolic (statistical analyses were not shown), presenting a minimum, showing that the bi-exponential expression is adequate to describe the behavior of our experimental data. On the other hand, the χ 2 /minimum χ 2 versus lifetimes obtained for the triexponential analysis did not show a minimum of the χ 2 with lifetimes, informing that the tri-exponential approach does not describes the systems' behavior. Therefore, their behavior is bi-exponential. This result is also corroborated by Di Paolo et al. 47 findings, in which decays for MEH-PPV trimer are either mono-exponential, bi-exponential or multi-exponential, depending on the emitting moieties that are accessed by selective excitation. Yet, the longer lifetimes they found corroborate our findings as well.
The two lifetimes determined at all excitation wavelengths correspond to a shorter and important lifetime in several decays, and another longer lifetime. Although most of the fluorescence decays are fitted by a bi-exponential function, the decays obtained with emissions monitored at 385 nm, when excitation is carried out at 360 nm, are mono-exponential, with a shorter lifetime of 40-50 ps. The decays recorded with excitation at 360 nm and emission monitored at 390 nm, are again mono-exponential and with very short lifetimes. It is noteworthy that, at the experimental conditions, these lifetimes have no physical meaning, since they are shorter than the pulse width of the LED used for the excitation. At the emission range of 400 to 450 nm, decays are bi-exponential, with shorter lifetimes of approximately 200 ps, which is attributed to the S 1 -S 0 fluorescence, and longer ones of approximately 2 ns, the latter contributing with, on average, 40% to the total decay. The longer lifetimes are slightly distinct for samples produced from solutions in distinct solvents. For chloroform-based films, the lifetimes are from 2.0 to 2.3 ns and for acetonitrile-based films, from 1.7 to 2.0 ns. With excitation performed at 445 nm, the nanosecondscaled lifetimes recorded for chloroform-based films are longer than the previous decays, with excitation at 360 nm, varying from 2.9 ns at emission of 495 nm to 3.6 ns for emission at 615 nm. On the other hand, the lifetimes decrease for acetonitrile-based films as the emission wavelength is longer, varying from 1.3 ns for emission at 495 nm to 1.1 ns at 615 nm. The shorter lifetimes in both samples are, again, too short to be accurately measured. Nevertheless, it is important to consider them as evidence for the existence of shorter lifetimes in these samples, even though they were not obtained, since it is not possible to fit a mono-exponential behavior to these samples.
With excitation performed at 485 nm, close to the maximum excitation for MEH-PPV, the lifetimes for both samples increase as the emission is monitored at longer wavelengths. Nevertheless, the lifetimes are very distinct among the samples. For chloroform-based film, the lifetimes vary from 4.0 ns, for emission at 535 nm, to 4.2 ns for the emission at 615 nm, whereas lifetimes are 2 to 3 times shorter for acetonitrile-based films, varying from 1.1 ns emission monitored at 535 nm to 1.8 ns at 615 nm.
On the other hand, acetonitrile-based films show a bi-exponential behavior at excitations of 445 and 485 nm, with the shorter wavelength varying from 300 to 800 ps, contributing with 50 to 80% to the total decay.
Computational simulations
Computational simulations of MEH-PPV trimers in vacuum, ethanol, chloroform and acetonitrile were performed by AM1 method in Gaussian 9 software, to obtain the optimal conformations and frequencies. ZINDO/S method was applied to obtain ground and excited states energies. Simulations were performed to find the MEH-PPV trimer low energy states and to obtain the vertical energy transitions states, including HOMO-LUMO transitions. Results were compared to steady-state fluorescent spectra to identify singlet and triplet electronic states that would be involved in exciton fission processes in these systems, if they occur.
Implicit solvent calculations -PCM model Figure 6 shows that in vacuum or in any implicit solvent, molecular orbitals HOMO and LUMO are centered on the aromatic rings. Figure 7 presents the energies of the first twenty lowest excited electronic states at each solvent and in vacuum. In any environment, the excited states reach an energy plateau at 3.1 eV, with five isoenergetic excited states, four of them being triplets and one singlet. From this energetic plateau, in solvents, the energy of the following excited states increases gradually. In vacuum, however, there is a jump in energy from 3.1 to 3.7 eV, and from there, the energies are slightly higher than those observed in solvents. The calculated electronic energies (Figure 8 ) revealed the existence of triplet excited states with half the energy of a particular singlet for MEH-PPV, in the presence of any solvent or in vacuum.
Explicit solvent calculations
To reinforce the reliability of the experimental results, calculations using explicit solvents were performed. The analyses of the HOMO and LUMO molecular orbitals calculated by this strategy were similar to those obtained using implicit solvents. Figure 6 presents the resulting HOMO and LUMO molecular orbitals, centered on the aromatic rings. Figure 8 presents the lowest twenty excited states obtained for MEH-PPV trimer in explicit solvent approach. Four explicit molecules of ethanol were added to the ZINDO/S ethanol system implicit calculations, and two explicit acetonitrile molecules were added to the system. The explicit approach for chloroform system was not performed due to the absence of chlorine parameters on Gaussian software. The first eleven states are virtually the same for both systems. In agreement with the result of the implicit approach, the explicit approach resulted in a plateau at 3.1 eV, showing five isoenergetic excited states in both solvents. From this energetic plateau, again, the energy increases gradually, however exhibiting larger differences between solvents.
Discussion
Microscopy of thin films and blends
In Figure 5 , samples prepared from chloroform present a more significant interchain connection than acetonitrile ones, indicating that it is important to consider the choice of solvent when preparing films for a desired application.
Some works corroborate the effect of solvents on the aggregation nature in the film. In their work, Hao et al. 48 used time-resolved emission microscopy to evidence regions in MEH-PPV film with several types of aggregation. They observed a long-lived blue-shifted emission from a monomer-like regions and a short-lived, red-shifted emission, due to aggregates. Their observations agree with Peteanu et al. 49 work who used fluorescence lifetime imaging microscopy (FLIM) to access aggregates in films of oligomers produced by reprecipitation which are models for MEH-PPV films. They were able to identify two main emitting moieties: one close to a monomer, presenting the emitting characteristics of a monomer, and one similar to an aggregate, presenting faster decays and red-shifted emission. Their findings corroborate with the model of a core-shell, in which the core consists of aggregated surrounded by monomer-like chains. Huser et al. 50 studied the several types of aggregates in films cast from solutions of distinct solvents, which are the reason for the multicolored fluorescence they observed. Also, Duhamel et al. [51] [52] [53] [54] demonstrated that intermolecular interactions can be quantitatively described by steady-state and time-resolved fluorescence spectroscopy, since the distinct aggregates present distinct photophysics. 
Photophysical behavior
UV-Vis absorption spectra
In non-solvents, the stronger blue-shift and the low intensity of the absorption are evident. It is noteworthy that in non-solvents such those, as showed by Padnamaban and Ramakrishnan, 55 the intensities of absorption and emission spectra are drastically decreased due to polymeric chain aggregation and a more efficient intermolecular interaction in such dilute solutions.
Spectra obtained in non-solvents such as EtOH, MeOH or MeCN, although similar in shape to those obtained in good solvents, are 2700 cm -1 blue-shifted (they are centered at around 440 nm, while in good solvents, they are centered at 480-500 nm), which is a considerably large shift and must be explained considering solvent characteristics and photophysical behavior of MEH-PPV.
Fluorescence measurements
Steady-state spectroscopy measurements showed in Figure 3 evidenced the dependence of the optical response of dilute solutions with solvent general characteristics. Steady-state excitation and fluorescence spectra present a stronger dependence of shape, intensity and spectral shift with solvent identity and solution concentration. Excitation and emission spectra show prominent Stokes shifts in solutions of higher dielectric constants and of smaller refractive indexes solvents (Table 1) , while it is smaller in solutions of more refractive solvents.
Solvents influence the photophysics of conjugated polymers by inducing lower or higher disorder, depending on the efficiency of salvation, driven by the polarizability (Df) of the solvent and the coulombic interactions that occur between chromophore and solvent. In this regard, general properties of solvents, such as dielectric constants and refractive indexes highly influence the optical behavior. Although it is evident that solvent polarizability (Df) exerts great influence on spectral bathochromic shifts, it may not be only due to solvents general effects. By applying the Lippert-Mataga 46 approach, in which Stokes shifts are plotted against polarizability (Df), a linear relation evidences that shifts are due to general effects of solvents. A non-linear behavior is evidence of a more important contribution of specific interactions between solvent and the chromophore that result in the shifts. The Lippert-Mataga equation (equation 1) that originates the plot in Figure 8 is:
where is the Stokes shift; is the polarizability of the solvent, µ E is the dipole moment of the excited state, µ G is the dipole moment of the ground state and a is the cavity radius. Lippert-Mataga 56 plots for 10 -7 mol L -1 solutions are presented in Figure 9 . Data show that solvents' physicalchemical properties do not influence the Stokes shifts as much as specific interactions between solvent and polymer molecules do. In fact, MEH-PPV solutions in non-solvents present the highest Stokes shifts, while the lower shifts are observed for solutions produced in good solvents. This effect is related to the occurrence of an aggregation collapse that enables interchain interaction in non-solvents, while intrachain interaction is more pronounced in solutions of good solvents. 55 Even among the good solvents, solution in THF presents the lowest Stokes shift, indicating that aggregation in such solvents is distinct. A reason for the distinct spectral shifts in good solvents is due to a distinct aggregation collapse, as predicted by Padmanaban and Ramakrishnan. 55 It is expected that, in chloroform, the red-shift is due to a more efficient intrachain aggregation than in THF. 55 Viscosity of solvent is also known to affect the photophysical behavior of conjugated polymers. Although the magnitude of the influence of viscosity on the Stokes shifts observed is not clear, Galvão et al. 57 related the local viscosity with the distinct chain sizes and the reduced cohesion between polymer chains and the solvent, as the chain length is increased. Since the chain length is determined by aggregation, herein the effect in the photophysics is better interpreted as a function of aggregation.
In such cases, when general properties of solvents are not crucial to reveal MEH-PPV solutions luminescent behavior, it is expected that Hildebrand's solubility parameter would be helpful to interpret these events, since it is based on the cohesive energy density needed to break all intermolecular physical forces in the compound's volume unit. Hansen's proposal of three contributions to the total Hildebrand solubility parameter is also relevant, which considers dispersive forces, polar forces and the hydrogen bond formation. Unfortunately, as showed by Cossiello et al., 58 Hildebrand's solubility parameter is not adequate to explain Stokes shifts of MEH-PPV solutions. Indeed, as showed by Chang et al., 59 MEH-PPV spectral behavior is due to the superposition of electronic spectra on a distribution of MEH-PPV's oligomers with distinct chain lengths, possibly due to MEH-PPV's property of small range of torsion angle. Also, Nguyen et al. 2 found that luminescence of PPV derivatives is dependent on conformation restrictions imposed by the solvent, as a result of distinct interactions between solvent molecules and polymeric chain, considering that some solvents can strongly interact with polymer chains, while others cannot. Interestingly, they also found evidence for replication of the photophysical behavior of MEH-PPV solution to cast films, which agree with our findings, to be shown later on.
Fluorescence of thin films and blends
From Figure 4 , it was observed that thin film and blend produced from chloroform solution presented distinct fluorescence spectra. The reason for that may be that in thin films, intrachain aggregates present more important luminescent contributions than interchain aggregates, while the interchain aggregates are more perceptible in blends. It is well-known that fluorescence of MEH-PPV aggregates is red-shifted with respect to the intrachain and non-aggregates fluorescence. 2, 60 Although the work of Samuel et al., 60 in which MEH-PPV films presented red-shifted fluorescence with respect to solution fluorescence, does not agree with the results presented here, it also considers that there are interchain aggregates in MEH-PPV films, although in a smaller amount, when compared to other PPV derivatives. In addition, Heeger and co-workers 61,62 considered the inexistence of intrachain aggregates, although with low probability of formation, and Mirzov and Scheblykin 7 observed the spectral blue-shift in films as a result of restrained MEH-PPV backbone torsions.
Since the MEH-PPV used is of Mw = 125 kDa and polydispersity index (PDI) of 5, this compound presents a variety of chain sizes and is susceptible to chain size effects. 5, 42, [63] [64] [65] [66] In the PMMA blend, the MEH-PPV fluorescence blue-shifts are related to the suppress of interchain excitons formation, 67 or to conformational changes on the polymer backbone. 7 In a previous work, 68 we have demonstrated that although MEH-PPV and PMMA are immiscible, there is some degree of miscibility enabling the interaction between branches of MEH-PPV segments and the PMMA matrix, in the distance of 65 Å. 68 Lin et al. 25 presented fluorescence micrographs of distinct proportions of MEH-PPV embedded in PMMA matrices, obtaining distinct fluorescent emissions due to distinct emitting moieties. In particular, their system composed of 10 -5 m/m of MEH-PPV in PMMA showed a green colored (530 nm) fluorescence with some orange colored (580 nm) spots, which they related to the green emission of isolated MEH-PPV chains and the red-shifted emissions, due to other aggregates. This is similar to our findings, regarding the MEH-PPV thin film from chloroform solution. Lin et al. 15 showed that the bulk presents several emitting moieties with distinct orientations, all contributing to the total fluorescence spectrum. This indicates that MEH-PPV photophysical behavior is dependent on morphology, as an effect of chosen solvent on chain organization, which promotes blue or red-shifts originated from exciton hopping process. Based on the study of Padmanaban and Ramakrishnan, 4 there is an energy transfer between collapsed aggregates more prominent from intrachain aggregates, with shorter effective conjugation lengths than from those with longer conjugation lengths, resulting in red-shift.
When MEH-PPV/PMMA blends or MEH-PPV thin films are prepared from dilute solutions in non-solvents, such as acetonitrile and ethanol, fluorescence is strongly blue-shifted. To our knowledge, this blue-shift was not reported yet. From fluorescence spectra in Figure 3 , the observed intensity fluctuation of the fluorescence at 520-550 nm in films in comparison to solutions, is associated to a reversible and efficient energy migration, referred to as the blinking effect. 16 It is expected that an exciton lies in a temporary long-lived ''dark'' state (e.g. triplet state) from which the system is not able to immediately fluoresce. 16 In polymers such as MEH-PPV, this phenomenon is expected to occur, since it presents several emitting moieties over which the exciton is delocalized 17 to achieve local excitation energy minima. 53 MEH-PPV samples in this work contain several emitting moieties that present their own absorption and fluorescence spectra. There, blue-region fluorescent collapsed H-aggregates are excited by higher energy wavelengths and are believed to have a small contribution to the overall fluorescence of MEH-PPV usual systems. Nevertheless, in non-solvents, H-aggregates are more perceptible, while in good solvents, red-region fluorescent J-aggregates are more important and their fluorescence mask the weaker blue-region fluorescence. Blue emissions from these collapsed aggregates are also difficult to record in good solvents because of the high probability of energy transfer from blue-emitting aggregates to red-emitting ones via Förster resonant mechanism, as assumed by Liang et al., 21 and possibly due to the exciton fission occurrence, as mentioned before. In a molecular approach, in non-solvents, blue emissions are detected mostly because longer segments interact poorly with non-solvent molecule; therefore, they are entangled, resulting in the aggregates collapse as predicted by Padmanaban and Ramakrishnan. 55 Indeed, several works have proved the existence of triplet excitons in conjugated polymers and, to our interest, in MEH-PPV. 18, 69, 70 In a previous work of Hale et al., 18 triplet states of PPV conjugated polymers were accessed by two-photon emission experiments and insights into the nature of triplet exciton relaxation processes were achieved by a rate equation approach developed by Halas and co-workers. 71 The significantly distinct emission spectra obtained for films and solutions produced in acetonitrile and ethanol can be understood as the thermally activated delayed fluorescence (TADF), which is expected to provide fluorescence (hot excitons emission) from the triplet-triplet annihilation (TTA) of two colliding triplets. 72 Although Sinha and Monkman 73 had reported TTA in MEH-PPV, for this effect to occur, triplet excited states must be generated. In the present work, we could not find fluorescence microseconds timescale decays to evidence this effect. Nevertheless, the fluorescence longer lifetimes especially for MEH-PPV films cast are longer than usually expected. Monkman et al. 74 generated triplet states in MEH-PPV of 1.5 eV via pulse radiolysis, while Sinclair et al. 75 accessed the triples states with photons of high energy with adequate "pump intensity" and Xu et al. 70 accessed high energy vibronic states of MEH-PPV by high voltage bias application, and observed fluorescence at 390-430 nm, corroborating with our measurements. The fact that triplet excited states can be accessed in MEH-PPV allows for the occurrence of several unimolecular processes, for instance, singlet exciton fission. In this process, it is expected that a singlet exciton in MEH-PPV splits into two triplet excitons, which is possible if the excitation energy is high enough to excite the system to vibrational excited states into S 1 electronic state. 76 In fact, Smith and Michl 77 defended the occurrence of singlet fission in conjugated organic molecules, especially in PPV derivatives. Österbacka et al. 78 reported the existence of triplet and singlet excited states in PPV derivatives that are involved in singlet fission process in ultrafast thermalization. In the Computational simulations section, we will demonstrate that the energy of an adequate singlet excited state has twice the energy value of the lowest excited triplet state.
In several works, 18,66-68,79-81 authors commented on photo-oxidation and its effect on the MEH-PPV photophysics, especially with respect to the triplet exciton role in the photo-oxidation process. In order to identify the occurrence of any process of oxidation or degradation that could be responsible for the photophysical behavior detected in non-solvents based samples, we performed a simple re-dissolution and re-cast test, which confirmed the emissions as being from MEH-PPV itself. The tests are presented in detail in Supplementary Information (Figure S1 ), available for this work.
Fluorescence lifetimes
The bi-exponential behavior observed for the MEH-PPV films by TRES experiments revealed shorter lifetimes of tens to hundreds of picoseconds and longer ones, of nanoseconds. These short lifetimes, occurring at shorter emission wavelengths, were also observed by Di Paolo et al. 47 They attributed it to an energy transfer between distinct aggregates in pure films that occur either by Förster or Dexter mechanisms, since both result in the excited state destabilization. They also performed their studies in a model molecule, the trimer of MEH-PPV repeat units, to show that there are geometrical aspects related to the bi-exponential behavior of the polymer lifetime. They attributed the blue-shifted emission to conformers in a non-planar configuration, while the planar conformers would present red-shifted fluorescence, usual for MEH-PPV. Lifetimes of hundreds of picoseconds are relative to the S 1 -S 0 fluorescence, while the shorter lifetimes of tens of picoseconds are related to either intrachain energy transfer or conformational relaxation in the polymer chain. These observations agree with our findings, since at the emission range from 400 to 450 nm, decays are bi-exponential, with shorter lifetimes of approximately 200 ps and longer ones of approximately 2 ns.
Although for chloroform-based film the lifetimes are 2 to 3 times longer than those recorded for acetonitrilebased films, the same behavior of increasing lifetime with increasing emission wavelength is observed for both samples. Lifetimes obtained for chloroformbased films are too long, which could be a result of non-convergence between experimental and calculated decays, since χ 2 parameter is too large, although longer lifetimes of nanoseconds have been already registered by Di Paolo et al. 47 In their work, they related the longer lifetimes to the generation of excited MEH-PPV emitting units promoted by energy migration. The authors assume that radiative energy migration triggers successive generations of new excited molecules or aggregates that have their emissions overlapped to such a degree that an apparent longer lifetime is achieved. This might be the case for chloroform-based films.
On the other hand, acetonitrile-based films show a bi-exponential behavior at excitations of 445 and 485 nm. Shorter lifetimes are compatible to those expected for MEH-PPV S 1 -S 0 radiative transition, although longer ones are related to an energy migration that arises from the overlap of emissions from distinct aggregates that were sequentially excited, as stated by Di Paolo et al., 47 but this effect is less effective than the one observed in the chloroform-based films, which presents even longer lifetimes, as showed earlier.
These distinct dynamic behavior of both samples evidence the fact stated by Padmanaban and Ramakrishnan 4 that, in MEH-PPV of long chains, which present distinct aggregates, the emission of individual conjugated segments are masked and the fluorescence quantum yield decreases monotonically as the conjugation length increases. This is the case for the acetonitrile-based films, since there is distribution of collapsed aggregates with distinct areas and, thus, conjugation lengths. 55 In such films, aggregates of smaller effective areas and conjugation lengths are more numerous than those in chloroform-based films.
Shorter lifetimes of high energetic excited states evidence their prompt deactivation, which is an important characteristic that favors the occurrence of a sort of deactivating process. Excitation at 360 nm showed a distinct photophysical behavior, by resulting in a monoexponential fluorescence decay, with emission monitored at 390 nm, for both acetonitrile and chloroform-based films. This is evidence of deactivation of the high energy excited state by a path elected among several probable mechanisms, enabled by morphological characteristics. Here, we suspect that deactivation must occur by very rapid processes, such as hopping process, with rapid energy transfer from the high-energy excited state to lower ones. This agrees with the work of Kersting et al. 43 that reported the femtosecond relaxation in PPV through fast hopping from the high-energy density (DOS) of states to DOS of lower energy. In is noteworthy that hopping processes are dependent of exciton diffusion length and of the lifetimes of the excited electronic states involved in the process, which means that fast processes can be related to shorter diffusion lengths, thus they are influenced by morphology of the sites created by distinct aggregation, such as size of domains and the collapse of aggregates.
It is noteworthy that these effects are not related to the presence of solvents in the bulk film, since they were vacuum removed for a long period of time. Also, as explained by Smith and Michl, 82 triplet states formation dependent on excitation wavelength may be related to the occurrence of endoergic singlet fission.
Analyses of morphological and electronic characteristics are essential to determine the mechanisms of deactivation involved in each sample. It is noteworthy that all excited states accessed in this experiment are present in thin films, produced either from acetonitrile or from chloroform dilute solutions.
As stated by Smith and Michl, 77 singlet fission is often observed when an organic moiety in an electronic excited singlet state shares its excitation energy with a neighboring ground-state luminescent molecule, resulting in the conversion of both to excited moieties in a triplet state. This is observed in several structures such as conjugated polymers, if the lowest energetic singlet excited states behave as degenerated states. Specifically, for PPV, the excited triplet states that may contribute to singlet fission are at 3.1 eV, with a gradual increase to a plateau at 4.4 eV. This gradual rise is a result of the inhomogeneous broadening, nevertheless, to conclude about the occurrence of exciton fission in these systems, experimental data are lacking and transient absorption measurements need to be performed.
Computational simulations
Implicit solvent
From Figures 5 and 6 the calculated electronic energies revealed the existence of triplet excited states with half the energy of a particular singlet for MEH-PPV, at the energy level of 3.1 eV, in the energy plateau, in the presence of any solvent or in vacuum. In any environment, there are triplet excited states with energy of 1.55 eV, which agrees with Smith and Michl. 77 
Explicit solvent
From Figure 7 , also in this approach, the first singlet state occurs at this same plateau, at around 3 eV. It revealed the existence of triplet states with half the energy of the first singlet state found, being at around 1.5 eV. Explicit and implicit solvent approach result the same energies for the singlet and triplet excited states. This reinforces the assumption that there is a singlet excited state presenting characteristics of allowed intercrossing system, associated to a triplet excited state with half the energy. These energies were also reported by Österbacka et al. 78 These results suggest that exciton fission is possible to occur in MEH-PPV, and that this property is not related to preparation procedures, such as solvent choice, but it is intrinsic to this molecule. It is important to highlight that although we found excited electronic states with the right energy for the occurrence of singlet fission and several other processes aforementioned, in this work, we did not provide any proof of its certain occurrence. Dynamic studies must be carried out yet.
